Background: Genetically engineered pigs could provide a source of kidneys for clinical
| INTRODUCTION
Pig kidney graft survival in non-human primates (NHPs) has recently increased significantly. [1] [2] [3] This has largely been associated with (i) the increasing availability of pigs with genetic modifications and (ii) effective immunosuppressive therapy based on costimulation blockade, which together provide protection to the pig tissues from the primate immune response and/or molecular incompatibilities.
Before 2015, the longest survival of a pig kidney graft in a NHP was 90 days, 4 although graft survival >30 days was unusual. of two rhesus monkeys following the transplantation of kidneys from α1,3-galactosyltransferase gene-knockout (GTKO) pigs expressing the human complement regulatory protein CD55 (GTKO/CD55 pigs). 5 The monkeys had been selected for their low titers of anti-pig antibodies.
Immunosuppression was provided by an anti-CD154mAb-based regimen. There was no evidence of rejection or other pathology on renal biopsies on day 100. One monkey survived for 10 months at which time the graft failed with histopathological features of acute humoral xenograft rejection (A. Adams, personal communication). In contrast to previous reports, features of consumptive coagulopathy and proteinuria were delayed for many months.
In contrast, one baboon with high anti-pig antibody levels (administered the anti-CD154-based regimen) and two baboons with low anti-pig antibody levels but treated with a belatacept-based regimen lost their grafts within 3 weeks.
5
In our own center, the transplantation of kidneys from GTKO/ CD46 pigs in baboons (not selected for low anti-pig antibody levels)
receiving an anti-CD154mAb-based regimen was invariably followed by the early development of a consumptive coagulopathy, and all recipients required euthanasia within 16 days. 6 However, in 2015 we reported the transplantation of a kidney from a GTKO/CD46/CD55/ thrombomodulin/endothelial protein C receptor (EPCR)/CD39 pig (although thrombomodulin and CD39 were very poorly expressed in the kidney) in a baboon with high titers of anti-non-Gal IgM that functioned for 136 days. 7 This encouraging result was obtained with an anti-CD40mAb-based regimen. The baboon died from a septic complication associated with a Myroides spp. infection. 7, 8 We here report life-supporting kidney transplantation in four baboons, all selected on the basis of having low anti-pig (non-Gal)
antibody levels. All were administered the identical anti-CD40mAb-based regimen. Prolonged survival was obtained in two baboons with kidneys from a six-gene pig (although with a different combination of genetic modifications than described above). Renal function remained normal in the baboons at >7 and >8 months, respectively, and there were minimal features of a protein-losing nephropathy. Unfortunately, both baboons developed features of infection from which one died (>7 months) and one required euthanasia (>8 months). In the two other baboons treated with the identical immunosuppressive/antiinflammatory regimen, but that received kidneys from a pig with only three genetic manipulations, consumptive coagulopathy developed within 12 days, requiring euthanasia.
We use this small study (with such discrepant outcomes) to discuss which factors may be important for pig kidney graft survival. Our tentative major conclusion is that expression of human EPCR (± CD55) in the kidney may be of importance. The six-gene-modified pig was GTKO and expressed two human complement regulatory proteins (CD46/CD55), two human coagulation regulatory proteins (EPCR and tissue factor pathway inhibitor [TFPI]) as well as CD47. Expression of human CD47 in the pig graft may inhibit macrophage activation through its inhibitory effect on signal regulatory protein alpha (SIRP-α) and may reduce inflammation and graft injury.
| METHODS

| Animals
| Pigs
10-12
The three-gene-modified pig was GTKO/CD46 and expressed a single human coagulation regulatory protein (thrombomodulin), which was inserted on a porcine thrombomodulin promoter (cloned from cells provided by LMU [Munich, Germany] on Revivicor's GTKO/CD46 background). 9, 13, 14 The CD46 transgene was controlled by the endogenous human CD46 promoter, whereas the other transgenes (CD55, CD47, EPCR, and TFPI) were incorporated into multicistronic 2A-based vectors under control of the constitutive CAG promoter. Transgene expression was determined by flow cytometry of pig aortic endothelial cells (pAECs).
| Baboons
Four baboons (Papio anubis) from the specific pathogen-free colony at the University of Oklahoma Health Sciences Center (Oklahoma City, OK), 15 weighing 7-9 kg, of blood group B were recipients of pig kidneys. All four were selected on the basis of having low anti-pig antibody levels. Two baboons (B17315 and B17615; GroupA) received kidneys from the six-gene pig, and two baboons (B17415 and B17515; GroupB) received kidneys from the three-gene pig (Table 1) . 
| Surgical procedures
Anesthesia, intravascular catheter placement in baboons, kidney excision in pigs, and life-supporting pig kidney transplantation in baboons have been described previously. 6, 16 In the two GroupA baboons, open needle biopsies of the graft were performed at 4 and 7 months after transplantation in one baboon (B17315) and at 6 months in the other (B17615). Ureteric stents (4.8F), placed at the time of the transplants, were removed when renal biopsy was carried out. Furthermore, both baboons developed partial strictures of the pig ureter (resulting in the development of moderate hydronephrosis) requiring corrective surgery at 6 (B17615) and 7 (B17315) months, respectively.
| Immunosuppressive and supportive therapy
All baboons received identical therapy, with the exception that one in each group received two doses of cobra venom factor and one did not ( Table 2) . Anti-CD40mAb (2C10R4, a chimeric rhesus IgG4) was provided by the NIH NHP Reagent Resource. 17 We gave erythropoietin throughout the post-transplant course (mainly to compensate for regular blood withdrawals) ( Table 2) . Erythropoietin also has some immunosuppressive effect which may be beneficial. were measured throughout the period of follow-up, as previously described. 7, [21] [22] [23] Blood cultures were performed whenever indicated. AntiCD40mAb and rapamycin levels were carried out by MassBiologics and the UPMC Central Laboratory, respectively, and the dosages were based on the current levels or on previous studies by us and others. 7, 24, 25 The pig kidney and ureteric grafts were monitored regularly (every 2 or 4 weeks)
by ultrasound (for size and blood flow). Immunological monitoring has been described previously 26 
| Statistical analysis
In view of the small number of experiments and the several variables, no statistical analyses were carried out.
| RESULTS
| Expression of Gal and human transgenes on donor pig AECs
Neither donor pig expressed Gal and both expressed high levels of CD46 on pAECs ( Figure 1 ). High expression of CD55, EPCR, and CD47 on pAECs was documented in the six-gene pig (GroupA), but with a low level of expression of tissue factor pathway inhibitor (TFPI) ( Figure 1 ). A moderate level of thrombomodulin was expressed in the three-gene pig (GroupB) (as expected when a porcine thrombomodulin promoter is used) ( Figure 1 ).
F I G U R E 1 Expression of human transgenes on donor pAECs by flow cytometry. Gal expression was absent and expression of CD46 was high in both donor pigs. The expression of CD55, EPCR, and CD47 was high on pAECs in the six-gene donor pig, with some expression of TFPI. In the three-gene pig, there was moderate expression of thrombomodulin
| Pig kidney graft survival
Both GroupA baboons remained healthy for >7-8 months after transplantation, but then succumbed to infectious complications (Table 1) .
Both GroupB baboons required euthanasia on day 12 for consumptive coagulopathy (i.e, thrombocytopenia, falling fibrinogen, spontaneous hemorrhage in one) ( Table 1 ). In GroupA, kidney graft function remained excellent until the baboon developed life-threatening complications (see below).
| Clinical course and pig kidney graft function
The pig kidney functioned immediately after transplantation in all four recipients. Serum creatinine levels normalized quickly with good urine output (approximately 150-200 mL/day) ( Figure 2A ).
In both baboons in GroupA, the serum creatinine was basically stable and largely within the normal range for >3 months, but thereaf- 
| B17315
Because we interpreted the rising serum creatinine as indicating possible rejection or developing thrombotic microangiopathy, we took one of the baboons (B17315) to the operating room to perform an open needle biopsy. During this procedure, the baboon was found to have a low venous pressure and so was administered 400 mL of normal saline. The ureter was grossly dilated throughout its course.
Although a partial stricture of the distal ureter was suspected (but not associated with the anastomosis of the ureter to the bladder), no surgical procedure was carried out. A needle biopsy of the kidney was taken which showed normal histology.
On the following morning, the serum creatinine had returned to the normal range ( Figure 2A ). Thereafter, we administered normal saline subcutaneously or intravenously ×2 weekly until the seventh month, after which it was discontinued. The ultrasound evidence of hydronephrosis increased and so the baboon was explored again after 7 months. The entire length of the ureter was dilated although the partial stricture site was not identified. Therefore, the proximal dilated ureter was re-anastomosed to the bladder (bypass procedure).
Another needle biopsy of the kidney was taken which again showed normal histology ( Figure 3A ). Although the ureter remained dilated, the ultrasound features of hydronephrosis reversed immediately, after which there was some reduction in kidney size (see below).
Approximately 2 weeks following this (third) surgical procedure (through the same incision), there was a slight partial dehiscence of the abdominal wound, and the baboon became less active. The wound was cleaned daily, but, because a blood culture was negative, systemic antibiotics were not administered. The baboon was found dead on post-transplant day 237. Cultures from the wound and peritoneal fluid grew methicillin-resistant Staphylococcus aureus and Enterococcus faecium.
| B17615
In view of our experience with this baboon, in the second GroupA baboon (B17615), when the serum creatinine rose, we administered subcutaneous or intravenous fluids ×2 weekly from approximately 3-6 months, by which time ultrasound features of hydronephrosis were increasing. The baboon's abdomen was explored and a partial stricture was identified in the distal ureter. As in the previous baboon, the proximal ureter was anastomosed to the bladder, thus bypassing the partial stricture. A needle biopsy of the kidney was also taken which showed normal histology ( Figure 3B ). The ultrasound features of hydronephrosis resolved within 2 weeks, with some reduction in kidney size.
Subsequently, the serum creatinine remained normal without the need for fluid infusions. However, two months after this surgical procedure, the baboon showed features of weight loss and pneumonia.
Despite oxygen and systemic antibiotic therapy, the baboon did not improve and was euthanized on humanitarian grounds on day 260.
At necropsy, the lungs showed the typical features of a Pneumocystis infection (not shown), which unfortunately had not been suspected during life.
Both GroupB baboons developed early features of consumptive coagulopathy and required euthanasia on day 12 (see below).
The serum creatinine remained within normal limits until the time of euthanasia.
All four baboons underwent necropsy (see below).
| Coagulation dysfunction
| Platelet counts, fibrinogen levels, D-dimer
No significant changes in platelet count or fibrinogen were observed in the baboons in GroupA ( Figure 2D ), although plasma fibrinogen was maintained at slightly subnormal levels ( Figure 2E ). In the GroupB recipients, after kidney transplantation, thrombocytopenia and a reduction in plasma fibrinogen developed after the first week ( Figure 2D ,E).
A decrease in platelet count to <50 000/μL or <20% baseline was observed within 10 days ( Figure 2D ). After an initial increase associated with the surgical procedure, fibrinogen levels decreased to <100 mg/dL or <50% baseline level within 10 days ( Figure 2E ). One baboon began to bleed from intramuscular and subcutaneous injection sites, and so both baboons were euthanized on humanitarian grounds (on day 12).
In both GroupA and GroupB, D-dimer levels initially rose and remained above the normal range, but a variable recovery took place in the recipients in GroupA ( Figure 2F ). 
| Free triiodothyronine (fT3)
Following pig kidney transplantation, there was an immediate rapid fall in fT3 level in all recipients ( Figure 2H ), which we suggest is a marker of an inflammatory response. 28 Recovery of fT3 within 7 days was seen in GroupA, and it remained in the normal range throughout follow-up. In contrast, in GroupB, no recovery was seen and fT3 tended to fall as consumptive coagulopathy developed ( Figure 2H ).
F I G U R E 3
Microscopic appearances of the pig kidney grafts at biopsy at 4 and 7 (A) months (B17315) and at 6 (B) months (B17615) showed no significant abnormalities. At necropsy (at 260 d), the pig kidney in B17615 (C) showed some interstitial fibrosis (left) and mild, patchy acute tubular epithelial cell degeneration in some proximal tubules (right), believed to be secondary to the prolonged hypoxia experienced as a result of the Pneumocystis pneumonia. The pig kidney grafts in GroupB recipients (D) showed widespread focal hemorrhage and features of thrombotic microangiopathy (multiple occluding thrombi within glomerular capillary loops). Immunohistochemistry staining of the pig kidney grafts at biopsy at 7 months (B17315) and at 6 months (B17615) in GroupA (E), demonstrated non-specific deposition (i.e, not localized to the vascular endothelium) of IgM (left), IgG (center), and complement (C3) (right), suggesting no elicited antibody response. In B17315 at euthanasia (day 237), there was more specific staining for IgM in the glomeruli (F), but no specific staining for IgG or complement (not shown). In GroupB at necropsy (G), there was non-specific staining for IgM (left), IgG (center), and complement (right)
| Immunological monitoring
| WBC, lymphocyte, and T and B cell counts
In all baboons, after ATG on day −3 and anti-CD20mAb on day −2, the WBC count remained low (±2000/μL) throughout most of the period of follow-up (not shown). The total lymphocyte count remained consistently at 200-300/μL (not shown). A profound depletion of T cells was observed. CD3 + T cell counts were generally maintained <500/mm 3 , with CD4 + and CD8 + T cell numbers frequently less than half of this.
After anti-CD20mAb on day −2, B cell subsets were also depleted dramatically and remained almost undetectable throughout the period of follow-up (not shown).
| Anti-pig (non-Gal) antibodies
There was no increase in xenoreactive IgM in any baboon ( Figure 4A) and there was no IgG sensitization to non-Gal antigens expressed on the pAECs, indicating no sensitization to non-Gal antigens ( Figure 4B ). 
F I G U R E 4 Anti-pig non-Gal
| Monitoring of immunosuppressive drug levels
In GroupA baboons, anti-CD40mAb (2C10R4) levels remained high (generally >2000 μg/mL) throughout the first 6 months (not shown).
(Later levels are not yet available.) Serum anti-Ig antibody levels remained <10, indicating that no antibody had developed against the 2C10R4 mAb. Serum levels of rapamycin remained largely in the desired range of 8-12 ng/mL although there were several spontaneous variations in both GroupA baboons (not shown).
| Pig kidney graft size
In the GroupA baboons, the pig kidney grafts increased markedly in length during the first 2-4 weeks (but not greatly in width or thickness), but subsequent growth slowed and plateaued ( Figure 5 ). After relief of the hydronephrosis, there was some reduction in pig kidney size.
| Histopathology and immunohistopathology of pig kidneys and ureters
In GroupA, in the biopsies taken at 4, 6, and 7 months after transplantation, there were no features suggestive of antibody-mediated or acute cellular rejection ( Figure 3A ,B).
There were also no features of rejection or inflammation in the ureteric biopsies taken on days 187 and 223 (not shown). At necropsy on days 237 and 260, respectively, there was a mild-moderate increase in vacuolization within the urothelial layer, but no features of rejection or inflammation in the kidneys or ureters, although in B17615 there was some interstitial fibrosis (left) and mild, patchy acute tubular epithelial cell degeneration in some proximal tubules (right), believed to be secondary to the prolonged hypoxia experienced as a result of the Pneumocystis pneumonia ( Figure 3C ). However, there were no significant histopathological abnormalities in any of the native organs.
In GroupB, the pig kidney grafts at necropsy on day 12 exhibited focal areas of thrombosis and hemorrhage ( Figure 3D ). There were also peri-ureteral thrombus and patches of focally extensive hemorrhage (not shown).
Immunohistochemistry indicated non-specific deposition of IgM, IgG, and complement (C3) in the GroupA grafts on biopsies and at necropsy ( Figure 3E ), although in B17315 there was more specific
IgM staining of the glomerular vascular endothelium at necropsy ( Figure 3F ). As this specific IgM staining was not present in the biopsy taken only 12 days earlier, we suggest it was related to an inflammatory state associated with the development of an infectious peritonitis. In GroupB at necropsy on day 12, only non-specific staining was seen ( Figure 3G ).
| Physiological observations in the baboons of GroupA
In GroupA baboons, serum potassium remained within normal limits ( Figure 2I ), which is consistent with previous reports. 5, 29, 30 Serum calcium was also maintained at normal levels for about 2 months, but gradually increased to a level slightly higher than normal ( Figure 2J ), which is a similar finding to other reports. 5 Serum phosphate rose immediately after transplantation, but thereafter slowly fell, and remained in the low-to-normal range ( Figure 2K ), as reported previously.
5,29,30
| DISCUSSION
We carried out four kidney transplants using identical immunosuppressive/adjunctive therapy, identical surgical teams, and identical post-transplant management, but with two different genetically engineered pigs as sources of the kidneys. The only difference in the experiments, therefore, was the genetic engineering of the source pigs.
Although the number of experiments is small (with two in each group), we suggest we can draw the following tentative conclusions. heparin therapy. 31 We suggest that the present encouraging results provide a significant advance in management in this respect.
2.
Proteinuria was not problematic, with no requirement to boost and maintain the serum albumin by the administration of human albumin. This is in contrast to almost all previous studies, 4, 29, 30, 32, 33 with the exception of our own recent experience 7 and that of Higginbotham et al. 5 This suggests that the proteinuria reported previously was associated with a low-grade immune response, e.g, activation of the vascular endothelium by anti-pig antibodies or complement, rather than from physiological incompatibilities between pig and primate.
F I G U R E 5
Increases in the lengths of the two GroupA pig kidneys determined by ultrasound or direct measurement (at operation)
3.
The baboons did not become sensitized to pig antigens, suggesting that the immunosuppressive regimen was successful in the absence of an anti-CD154mAb (which we avoided in view of its thrombogenic effect).
34-36
The anti-CD40mAb that formed the basis of the immunosuppressive regimen (2C10R4) was clearly efficient in preventing an adaptive immune response, as we and others have demonstrated previously in kidney, heart, and artery patch transplant models. 7, 25, 31, [37] [38] [39] The serum levels achieved in the present study were higher than those documented in earlier reports, 31 and some reduction in dosage may be possible without detrimental effect. The higher levels documented in the present study may possibly be associated with the concomitant administration of the IL-6R antagonist, tocilizumab, although we have no hard evidence for this.
Whether a similar excellent outcome could be achieved with conventional immunosuppressive therapy, e.g, a tacrolimus-based regimen, remains uncertain (although in previous studies the trough levels that proved necessary were extremely high, 40, 41 which would be detrimental to kidney graft function).
4. The expression of a modest level of thrombomodulin alone in the graft (as in GroupB) on a GTKO/CD46 background may be insufficient to prevent the development of thrombotic microangiopathy and/or consumptive coagulopathy (although we cannot exclude that the absence of expression of CD55 may also be important).
This observation is in contrast to the results obtained after heterotopic heart transplantation in the pig-to-baboon model, where hearts from GTKO/CD46/thrombomodulin pigs functioned for months or even years. 25, 31 However, we and others have observed differences between survival of pig hearts and kidneys, 16, 42, 43 and these have been confirmed on a molecular level by Knosalla et al.
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Our experience is that kidney transplantation is much more readily associated with an early consumptive coagulopathy, whereas heart transplantation is associated with a more gradual development of thrombotic microangiopathy with only the very late development of consumptive coagulopathy. It is possible that if the expression of thrombomodulin had been stronger, the grafts in the GroupB baboons would have survived longer. 6. Induction with cobra venom factor (to deplete complement) is unnecessary (as the outcome within both GroupA and GroupB was identical whether cobra venom factor was administered or not).
Based on the results in
7.
In the GroupA recipients (as in our previous case report pleted. An early increase in kidney graft size was reported previously by Soin et al. 48 and was seen by us in our previous report (in which, however, hydronephrosis also developed), 7 but has not been commented on by others. 5, 32, 43 Nor has rapid growth been reported after heterotopic pig heart transplantation in baboons. 25, 39, 49 Further investigation of this observation is warranted. To our knowledge, no baboon in which a pig kidney or heart graft has functioned well for >6 months has lost the graft from an immune response unless the immunosuppressive therapy has been discontinued or greatly reduced. 7, 39, 49 In view of the great difficulty of managing immunosuppressed non-human primates, we suggest that 6-month follow-up is sufficient to determine the success of pig heart or kidney xenotransplantation.
The development of infectious complications in the two
Several questions related to the study remain unanswered.
1.
What is the cause of the ureteric partial strictures that developed?
Both of the GroupA baboons presented with rising serum creatinine levels between 3 and 4 months after kidney transplantation, as did the baboon we reported previously. 3 Both baboons were producing 150-200 mL of urine each day, and so we initially thought this may be a result of a pathophysiological disturbance, e.g, the baboons were unaware when they were becoming dehydrated. Subsequently, the serum creati- anti-CD20mAb (20 mg/kg ×4) improved outcome. 41, 49 We, however, reported a high incidence of infectious complications when an antiCD20mAb (20 mg/kg ×1) was administered, 25 and therefore elected to administer only a single half-dose (10 mg/kg) on day −2. We were also influenced by the fact that there has been a trend for reduced doses to be administered to patients receiving ABO-incompatible allografts in recent years. 51, 52 We remain unconvinced that even a single small dose is necessary, and we plan to omit it in some future experiments.
Is anti-inflammatory therapy in the form of IL-6R blockade and/
or TNF-α blockade essential or even beneficial?
We have reported evidence for a prolonged inflammatory response to a pig xenograft. 23, 37, 53 We suggest that suppressing the inflammatory response may well facilitate the role of the immunosuppressive therapy and reduce the risk of both rejection and coagulation dysfunction. [54] [55] [56] We have data suggesting that the cytokine, interleukin-6 (IL-6), is playing a role and that IL-6R blockade reduces this response. 23 IL-6R blockade does not have an inhibitory effect on platelet aggregation in vitro (H. Iwase unpublished data). We have no personal data that tumor necrosis factor alpha (TNF-α) is important, but its perceived benefit in islet allo-and xenotransplantation [57] [58] [59] persuaded us to incorporate a short course in our protocol. It has also been demonstrated to be protective against renal ischemia-reperfusion injury.
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In the present study, CRP (one of the indicators of an inflammatory response) was minimal under the administration of IL-6R blockade (except transiently after the operative procedures), which correlated with our previous studies. 23, 53 Following xenotransplantation, we have observed a rapid decline of fT3 within hours. The level of fT3 recovered slowly to only the low-normal range. A persisting low fT3 may be related to an ongoing inflammatory state. 28 However, the addition of IL-6R blockade appeared to be associated with a quicker recovery of fT3 and a higher sustained level, 28 which was also observed in the longsurviving recipients in GroupA. In contrast, when consumptive coagulopathy was developing in the GroupB recipients, almost no recovery of fT3 was observed, which is consistent with our previous observations. 28 We suggest that D-dimer may also be an indicator of an inflammatory response rather than of a consumptive coagulopathy. 23, 25 Variable, but slightly higher than normal D-dimer levels were observed in the long-surviving recipients in GroupA ( Figure 2F ). Only slight differences in anti-pig antibody levels between baboons and monkeys have been documented, e.g, cynomolgus monkeys
4.
have rather higher levels of anti-non-Gal antibodies than baboons,
62
whereas anti-Gal antibody levels are particularly low in rhesus monkeys. 63 It is possible, however, that there are other immunological and/ or physiological differences between rhesus monkeys and baboons that account for the differences in outcome. We would therefore recommend that, before any clinical trials of pig kidney transplantation are undertaken, experiments are carried out in both rhesus monkey and baboon recipients.
In conclusion, we are encouraged by the prolonged survival of two of the baboons with life-supporting pig kidney grafts. We believe that a specific phenotype of the genetically engineered pig in combination with an effective costimulation blockade-based immunosuppressive regimen and anti-inflammatory therapy may all have contributed to the outcome. The results encourage us that clinical xenotransplantation will become a reality in the near future. 
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